We demonstrated the suballular localization of SV2, a transmembrane protein associated with neuroendocrine secretory vesicles, in NGF-treated PC12 cells by preembeddhg EM immunocytochemistry (ICC), using a small gold probe followed by silver enhancement. The use of a multiwell chamber slide substantially improved the efficiency of the preembeddhg EM ICC procedures for cell cultures. The advantages and related caveats of this method are discussed. SV2 was distinctly localized on clusters of s y~p t i c vesicles and large dense-cored vesicles (LDCV). The distribution of SV2 on these two types of secretory vesicles was compared quantitatively to that of another smetory vesicle-associated ' Comspondcnce to: Jung-Hwa Ze-Cheng, NIH, Bldg. 36. Rm. 2A21, Bethcsda, MD 20892-4062.
Introduction
Rapid advances in molecular biology have led to the development of many new antibodies which, in tum, has generated interest in the distribution and function of corresponding antigens within the cell. One example, of special interest to us, is the distribution of secretory vesicle-associated antigens among the different types of vesicles found in neurons and neuroendocrine cells. The present study concentrates on the distribution of SV2 in PC12 cells. SV2 is an integral membrane protein which, by subcellular fractionation studies, has been shown to be present on both synaptic vesicles and large dense-cored vesicles (LDCVs) of neurons and neuroendocrine cells (Buckley and Kelly, 1985) . However, its subcellular distribution in intact cells has not been demonstrated previously. In the present study we localized SV2 by EM immunocytochemistry (ICC) in PC12 cells, a model neuroendocrine cell line derived from a rat pheochromocytoma (Greene and Tischler, 1976) . We also compared the distribution of SV2 to that of another secretory vesicle protein, synaptophysin (Navone et al., 1986;  Jahn et al.. 1985 ; Wiedenmann and Frank, 1985) . EM ICC techniques enable specific antigens to be localized at the subcellular level in intact cells. However, monolayers of cultured cells present special technical challenges to EM ICC projects. Enzymatic or mechanical dissociation and pelleting of cells from their growth surface may cause retraction or loss of cellular processes, initiate physiological responses such as membrane depolarization with subsequent exocytosis or contraction, or result in uneven ICC staining owing to mechanical disruption of the cell membranes. Processing cells directly on culture dishes or coverslips avoids these potential problems but adds the tedious task ofseparating the cells from the growth surface after the embedding plastic is polymerized. This mechanical separation step is sometimes difficult, often incomplete, and the samples are easily damaged in the process. Furthermore, unlike in vivo tissues, cells grown on dishes do not have the anatomic and histological landmarks to help clardy their identities. Therefore, a larger sample size and a greater number of characteristic parameters should be examined to ensure the validity of the study. All of these intricacies contribute to the labor intensiveness of EM ICC projects using cell cultures.
In the present study, we grew and processed cells in multiwell chamber slides, which greatly improved the eiciency of ICC and EM processing of cell cultures. Thus, we were able to quickly test many different fmtion and ICC experimental'conditions to achieve excellent morphological preservation and specific antigen localization. We applied this technique to the resolution of an interesting question in neurobiology: the distribution of secretory vesicle components in nerve growth factor (NGF)-treated PC12 cells. We now show quantitatively that (a) under identical experimental conditions, SV2 and synaptophysin have comparable staining intensities in a synaptic vesicle cluster domain, (b) the relative ICC staining intensities of these two antigens on LDCVs are strikingly different, and (c) the two distinct suborganelle domains of the LDCV, the membrane and the core, are resolvable by the present method. Preliminary results have been presented in abstract form (Tao-Cheng and Tanner, 1994).
Materials and Methods
CelI Culture prepacltion. PC12 cells were grown according to Gcdheng et al. (1995) on eight-well plastic chamber slides (Nunc; Naperville, IL). Briefly, the growth surface was coated with Matrigel (Collaborative Biomedical Products; Bedford, MA) at 1:25 dilution in PBS. Cells were seeded at ~5 0 0 0 cells per well and were grown as a monolayer at 37°C in 6% CO2 in Dulbecco's modified Eagle's medium containing high glucose (4500 mglml) and supplemented with 7% fetal bovine serum, 7% horse serum, and 100 U of penicillin and 100 kg of streptomycinlml. NGFcontaining medium (2.5s. at 50 nglml; Collaborative Biomedical Products) was fed to the cultures on the second day of plating and then changed twice weekly.
Fixation. Cells were usually fixed after 13-16 days in culture. To determine the optimal fixation conditions for each particular antibody, we routinely tested the following compositions of the initial fixative to screen for the best results: (a) 4% formaldehyde (EM grade solutions in ampoules; EMS, Ft Washington, PA) in 0.1 M phosphate buffer at pH 7.4, or (b) 2% formaldehyde plus 0.025, 0.05,0.1, or 0.2% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4.
Cells were fixed for 30-60 min and washed three times in 0.1 M phosphate buffer, 5 min each. All fixation and ICC procedures were carried out at room temperature unless otherwise indicated. All washing and dehydration steps were 5 min each unless otherwise indicated.
Preembedding Immunocytochemistry. Cells were incubated for 45-60 min in PBS with 5% normal goat serum (NGS, to block nonspecific labeling), 0.1% saponin (to permeabilite the cell membranes) plus 0.1% sodium azide, and were incubated with the following primary antibodies (diluted in the above mentioned solution) for 1 hr: (a) rabbit antisynaptophysin at 1:500 (Dako; Carpinteria, CA); (b) mouse anti-SV2 at 1:500 (a gift from Dr. Erik Schweitzer); (c) mouse anti-tyrosine hydroxylase (TH) at 1:looO-4000 (Boehringer Mannheim, Indianapolis. IN), or (d) rabbit anti-chromogranin A at 1:1000-2000 (a gift from Dr. Lee Eiden). Cells were then washed three or four times with 1% NGS plus 0.1% Na azide in PBS, and incubated with a goat anti-rabbit or goat anti-mouse secondary antibody (Fab' fragment, 1:100 to 1:200) conjugated to a 1.4-nm gold particle (Nanoprobes; Stonybrook, NY) for 1 hr. Cells were washed once with 1% NGS + 0.1% Na azide in PBS, then two or three more times with PBS, fixed with 2% glutaraldehyde in PBS for 30-60 min, washed three times in PBS, and stored overnight at 4°C.
Control ICC stainings included (a) no primary antibody, (b) no secondary antibody, and (c) no primary and secondary antibodies.
Silver Enhancement. Cells were washed thoroughly with distilled water, four or more times. Silver enhancement (HQ silver enhancement kit; Nanoprobes) was carried out in the dark using a red (grade 1A) safety light. Duplicate slides were processed to observe ICC results by both light microscopy (LM) and EM. After the specified developing time (usually 8 min for LM and 4-5 min for EM), samples were washed several times with dis-tilled water. The EM svnples were then washed two or three times in 0.1 M phosphate bu&r and p r o c d immediately for EM embedding. LM samples were examined on an inverted light microscope to assess which conditions produced the best ICC reaction. EM procesSing. Cells were treated with 0.2% Os04 in 0.1 M phosphate buffer for 30 min, washed three times with 0.1 M phosphate buffer, then washed three or four times with 0.1 M acetate buffer at pH 5.0, mordanted en bloc with 0.5-1% uranyl acetate in 0.1 M acetate buffer for 30 min and washed three times with acetate buffer, dehydrated with a graded series of ethanol, infiltrated with graded mixtures ofethanol and epoxy resin (Polysciences; Warrington, PA) for 30 min at each step, and embedded in epoxy resin. Polymerization was carried out at 60°C for at least 24 hr.
Block Preparation and Microtomy. After polymerization of the epoxy resin, the plastic slide is easily removed by peeling it away from the chambers containing the resin blocks ( Figure 1 ). Needlenose pliers were used to remove the plastic chamber walls from around the resin blocks. The freed blocks were examined with an inverted light microscope to choose the best area for sectioning. Most blocks were sectioned en face to maximize the sample size. Hundreds of PCl2 cell neurites can be encountered in a few openings of a 400-mesh thin-barred honeycomb grid. Sections were counterstained with uranyl acetate and lead citrate or with lead citrate alone.
Quantitative Morphometry. The ICC chromogen used here is a silverenhanced single gold probe conjugated to the secondary antibody (Hainfeld and Furuya, 1992) . Each labeled antigen site is represented by a single blackgrain on the micrographs, which can be counted quantitatively. Pairs of cell cultures were processed separately for SV2 and synaptophysin (P38) EM ICC under identical processing conditions. Quantitative measurements of the silver grains were carried out as follows. (a) Micrographs of every synaptic vesicle cluster encountered were taken. The number of silver grains and the number of vesicles in the clusters were counted, and the staining intensity was expressed as grainslvesicle (total number of grains in a synaptic vesicle cluster divided by the total number of vesicles in that cluster).
The potential contribution of nonspecific grains in the ~y~p t i c vesicle clusters was negligible because the number of nonspecific grains was very low (see Results). The staining intensity can also be expressed by counting the total number of grains within the synaptic vesicle cluster domain and dividing it by the area of the domain (grainslpm'). (b) Micrographs ofLDCVs from the two groups were taken at random from different areas of the thin sections. About 200-500 LDCVs were chosen at random from each group of micrographs and the number of grains on each LDCV was recorded and plotted into histograms. The average staining intensity is expressed as grainslLDCV (total number of grains from all recorded LDCVs divided by the total number of LDCVs). Only grains directly situated on LDCV membranes were counted as specific grains.
In the neurites, grains that were not associated with either synaptic vesicles or LDCVs were counted as nonspecific grains. 
Results

Quanfitatzke Comparrjon of SV2 and Synaptophysn Staining on Synaptic KvicZe Clusters
The subcellular distribution of SV2 was compared quantitatively to that of a well-studied synaptic vesicle transmembrane protein, synaptophysin. Under identical experimental conditions, the labeling intensity of these two antigens on synaptic vesicle clusters was similar (e.g.. Figure 2a vs Figure 2d ). For example, in one pair of cell cuhres. the staining intensity was 0.50 0.02 grainslvesick (mean 2 SEM; n = 8 clusters with 601 vesic1es)for SV2 and 0.46 = 0.02 grainslvesicle (n = 11 clusters with 653 micles) for synaptophysin. The labeling intensities ranged from 0.41-0.62 grainsl vesicle for SV2, and 0.39-0.60 grainslvcsicle for synaptophysin.
The low level of nonspecific staining was further demonstrated by expressing the antibody staining intensity as the total number tive measurements of synaptic vesicles in the prescnt study were made on well-demarcated clusters.
In contrast, LDCVs were distributed randomly throughout the cell and were much more commonly encountered than the synaptic vesicle clusters in PC12 cells. For example, in one sample after 16 days in culture, LDCVs were found in all of the -215 neurite within two randomly choxn openings of the grid, whereas only four clusters were found among the many varicosities in the same neurite.
Subcellular Visualization of SV2 on Synaptic Esiccles and LDCVS
SV2 was clearly louted on the membmes ofsmall translucent vesicle clusters and LDCVs (Figure 2a ). The SV2 ICC staining was specific for t h e x secretory micles because the surrounding cytoplasm and other nearby organelles, such as mitochondria. lysosomes, and endoplasmic reticulum, had only a few nonspecific grains randomly associated with them. These background grains not associated with synaptic vesicles and LDCVs accounted for less than 5-10% of the total number of grains.
In control cxpcriments in which primary andlor secondary antibodies were omitted, synaptic vesicle clusters and LDCVs did not exhibit any particular labeling (Figure 2b) . We also used primary antibodies against nonsynaptic vesicle-associated proteins in additional control cxpcriments. For example. tyrosine hydroxylase (TH) is a cytosolic enzyme involved in catecholamine synthesis in PC12 cells. The silver grains of anti-TH staining were distributed in the cytoplasm and clearly were not associated with synaptic vesicle clusters, LDCVs, or any other membranous structures (Figure 2c ). All control experiments demonstrated that both the gold-labeled secondary antibodies and the subsequent silver enhancement did not label synaptic vesicles and LDCVs nonspecifically. of grains within the synaptic vesicle cluster divided by the area of the cluster domain. For example. SV2 staining intensity for the synaptic vcsicle cluster in Figure 2a was -175 grainslpm2, and the nonspecific grains outside of the cluster were only -10 grainsl m2. Therefore. even if some ofthe grains in the cluster were nonspecific grains, they accounted for less than 6% of the total grains.
The labeling intensity ofcontrol samples without primary antibody was less than 0.02 grainslvesiclc, which constituted approximately 4% of the average staining intensity of -0.5 grainslsynaptic vesicle in the presence of SV2 or synaptophysin primary antibody.
It should be noted that not all synaptic vesicles in the clusters were labeled. The lack of staining on these vesicles is most likely due to insufficient penetration of ICC reagents or masking of cpitops rather than to lack of antigenic sites. One quality control measure of the preembcdding ICC method is to assess whether the penetration of reagents is uniform throughout the cells. For example, TH staining was most intense at the periphery of the PCl2 cell body, within 2-3 pm of the plasma membrane. Howcver, such a staining intensity gradient was not noticeable in the thin (0.1-1 pm in diameter) neurites and varicosities that contain the synaptic vesicle clusters, the structure of interest in the present study. Occasionally there may be a slight decrease in staining intensity towards the center of a very large cluster of vesicles owing to insufficient penetration of reagents through thex tightly packed micles. Therefore, clusters with more than 200 vesicles were not included in the statistics. In the present study, one such cluster was excluded. In general, the SV2 and synaptophysin staining intensity of different synaptic vesicle clusters stayed within a relatively narrow range regardless of the number of vesicles in the clusters. In one sample, the total number of grains per cluster ranged from 23-58 and the number of vesicles per cluster ranged from 47-117. There was no significant correlation between the size of the clusters and the staining intensity.
It should also bc noted that the number of grains on the synaptic vesicles is affected by fixation and other processing conditions and is not an absolute measurement ofantigenic sites on thesc wsides. For example. in one sample fuced with 4% formaldehyde without any glutaraldehyde, the average staining intensity of SV2 on synaptic vesicle clusters was about 1.2 grainslvesiclc (Figure 2e ). This number is higher than the -0.5 grainslvesicle shown in Figure 2a . in which the sample was fixed with 2% formaldehyde plus 0.1% glutaraldehyde. 3a vs Figure 3b ). This difference was quantitatively expressed by the histograms in Figures 3c and 3d . With regard to anti-SV2 staining. more than 54% of the LDCVs had at least one grain, and -20% had multiple grains. As to anti-synaptophysin staining (p38, Figure 3d ). -94% of the LDCVs did not have any grains; only 6% were positively labeled and, of these. -1% had two grains. When the labeling intensity on LDCVs was expressed in grainslLDCV and compared in these two samples, the labeling ratio of SV2 to synaptophysin was about 12:l (0.81 grainslLDCV for SV2 and 0.07 grainslLDCV for p38).
--
In two additional pairs of cell cultures in which SV2 and synaptophysin labeled synaptic vesicle clusters with comparable intensity, SV2 again labeled the LDCVs at a much higher intensity than synaptophysin. The labeling ratio of LDCVs in these two pairs was 6:l and 10:1 (SVi?:synaptophysin), respectively.
In control experiments in which the primary antibody was omitted (e. g., Figure 2b ). less than 1% of the LDCVs (0.01 grainslLDCV) had silver grains.
Quantitative Comparison of SV2 and Synaptophysin Staining on Synaptic Vesicle Clusters us LDCVS
The average circumference of the LDCVs in cross-sections is about 2.5 times that of the synaptic vesicles. To compare the staining intensities between these two different types of vesicles, the unit of expression (grainslLDCV and grainslvesicle, respectively) was normalized into grainslunit vesicular membrane. In the sample shown in Figure 2a , the resulting ratio of the SV2 staining intensity between synaptic vesicle clusters and LDCVs was 1.5. In contrast, the ratio was 15 for synaptophysin in the sample shown in Figure 3b . That is. for the same unit of membrane, the staining intensity of synaptophysin was 15 times stronger on synaptic vesicles than on LDCVs.
The Two Suborganejle Domains of the LDCVS
To further evaluate the "resolution" of this preembedding ICC method, we compared staining of LDCVs for SV2 with that of chro-mogranin A, an acidic protein present in secretory granules (for review, d. Winklcr and Fischer-Colbrie, 1992) . The p e n t method of EM ICC can differentiate between the membrane and the core, the two suborganelle domains of the LDCVs in PC12 cells. SV2 was localized on the membranes (Figure 4a ) of the LDCVs, whereas chromogranin A was localized on the periphery of the LDCV core (Figure 4b ). This peripheral location is characteristic of precmbedding ICC because reagents may not reach the epitopcs in the center of the compact dense core.
The separation between these two suborganelle domains is approximately 20 nm. These results demonstrate the ability of the present ICC method to distinguish between antigenic sites on two very closely situated suborganelle domains.
Discussion
In this study, we applied a preembedding EM ICC technique to study the distribution of three secretory vesicle-associated antigens in NGFdifferentiated PC12 cells: SV2, synaptophysin, and chromogranin A. We have presented an efficient method to process cell cultures to maximize morphological preservation and ICC specificity. Subcellular distribution of SV2 in intact cells was illustrated for the first time in a model neuroendocrine cell line that can form well demarcated clusters of synaptic vesicles. The specific staining of SV2 on synaptic vesicles and LDCVs was quantitatively compared to that of synaptophysin.
Synaptophysin has been well characterized by subcellular fractionation studies to be preferentially associated with the synaptic vesicles and not with the LDCVs in PCl2 cells (Walch-Solimena et al.. 1993; Clift-O'Grady et ai.. 1990 Cutler and Cramer, 1990; Wiedenmann et al., 1988) . Synaptophysin has also been localized on synaptic vesicles in PC12 cells by EM ICC of frozen thin sections (Johnston et al.. 1989) of cells not treated with NGF, and by preembcdding gold labeling (Lah and Bury, 1993) of non-NGF treated and 7-day NGFtreated cells. The present study focused on PC12 cells which were treated with NGF for over 2 weeks and which contained clearly demarcated clusters of synaptic vesicles (Tao-Cheng et ai., 1995) .
, , *-. The amount of synaptophysin has been shown to be 100 times higher in the synaptic vesicle fractions of rat brain than in the rat chromaffin granule fractions (Wiedenmann et al., 1988) . In the present EM ICC study of NGFtreated PC12 cells, synaptic vesicle clusters contained 15 times more synaptophysin per unit membrane than W s . In another EM ICC study on PC12 cells, Lah and Burry (1993) reported a 1.5-2-fold difference in relative labeling density between synaptic vesicles and LDCVs.
In view of the many different conditions that may affect the ICC staining intensity, it is important that quantitative comparison of staining intensities is made under similar experimental conditions, as well as within the same batch of cells. For example, it would be very difficult to quantitatively compare our results of the synaptophysin staining on the synaptic vesicles and LDCVs to those by Lah and Burry (1993) . because the cells (e.g., length of NGF treatment) and the morphometric methods in these two reports are very different. Lah and Burry expressed the labeling density in number of grains per square micrometer of the specific organelle compartment, whereas we expressed the labeling intensity in number of grains per unit vesicle membrane.
Subcellular fractionation studies have suggested that SV2 is contained in both synaptic vesicles and LDCVs (Winkler and Fischer-Colbrie, 1990; Lowe et al., 1988; Buckley and Kelly, 1985) . In the present study, SV2 was specifically localized on synaptic vesicle clusters and LDCVs within intact PC12 cells. Synaptic vesicles had a slightly higher SV2 labeling intensity (1.5 times more grains per unit membrane) than LDCVs. However, because LDCVs were much more abundant than synaptic vesicles in our PC12 cells, the total amount of SV2 in LDCVs was probably higher than that in synaptic vesicles. In contrast, others have reported a much higher amount of SV2 in the synaptic vesicle fractions than in the LDCV fractions in adrenal chromaffin cells (Winkler and Fischer-Colbrie, 1990) and in bovine posterior pituitary (Walch-Solimena et al., 1993) . This discrepancy between the amount of SV2 on synaptic vesicles and on LDCVs may be due to the different tissues studied (PC12 cells vs adrenal or pituitary) or to different sensitivities in the detection methods (EM ICC vs fractionation and immunoblotting).
In the present study, both synaptophysin and SV2 stained the synaptic vesicle clusters with equal intensity. However, the ratio of SV2:synaptophysin labeling on LDCVs ranged from 6:l to 121 in three separate experiments (with ~9 : l as the average value). The variation in the ratio of LDCV labeling (6-12:l) could be due to different batches of cells used in the three separate experiments or to variations in fixation and ICC procedures. Nevertheless, the high ratios consistently confirm that the labeling intensity of the LDCVs is much higher for SV2 than for synaptophysin in these PC12 cells.
At the light microscopic level, synaptophysin and SV2 staining patterns are similar in cultured hippocampal neurons (Mundigl et al., 1993) . Because LDCVs are often located close to synaptic vesicle clusters in PC12 cell neurites, detection of the different staining intensities on these two different secretory vesicles requires resolution at the EM level.
The use of multiwell plastic chamber slides simplifies the procedures for both the ICC and EM processing. (a) Many combinations of fixative composition, permeabilization conditions, and antibody dilutions can be systematically tested so that optimal experimental conditions for a particular antibody and/or a particular cell type can be quickly determined. For example, in an eight-well chamber slide, eight different experimental conditions can be carried out on the same slide. Record keeping and comparison of ICC staining results are easier with these chamber slides than processing eight individual cell culture dishes. (b) The slide can be easily peeled off from the polymerized resin blocks. The entire bottom surface of the cell culture is exposed instantly and all cells are available for en face sectioning. (c) Samples can easily be monitored by LM throughout the processing steps. Any particular cell can be tracked throughout the experiment, and its LM and EM images can be correlated with accuracy.
One notable advantage of the preembedding ICC method is the labeling of membrane-bound antigens, such as the SV2 and synaptophysin illustrated here. With postembedding methods, ICC staining is limited to the availability of epitopes exposed on the surface of the thin sections. Membranes usually appear as "lines" in thin sections, and the chance of exposing membrane-bound epitopes is understandably low. However, in the preembedding protocol, antibodies can reach the antigenic sites in the tissue before embedding, and the ICC chromogen product thus formed can be visualized in the thin sections even if the antigenic sites themselves are not exposed on the surface of the section.
One limitation of the preembedding method is the penetration of ICC reagents. Therefore, only the most superficial layer of a tissue may be well penetrated. In monolayers of cell cultures, such restrictions are substantially reduced. However, the problem of penetration may be conspicuous if the antigens are located in a compact material such as the dense core of secretory granules. In these granules, a sectioned surface may expose many epitopes that are difficult to reach by diffusion with preembedding methods. For example, adrenal chromaffin granules can be heavily labeled by chromogranin A with colloidal gold using postembedding ICC (Hearn, 1987) . whereas chromogranin A labeling of the LDCVs by the present preembedding method is limited to the periphery of the core (Figure 4b ).
Among preembedding ICC methods, one major advantage of using gold particles compared to horseradish peroxidase (HRP) is the feasibility to quantify the staining of the former, which is in the form of single silver-enhanced gold grains. Because these grains are small, they also do not obscure the underlying fine structure in comparison with the diffuse reaction product of HRP. Therefore, under optimal fixation and ICC conditions, distinct subcellular domains such as mitochondria, ER, and synaptic vesicle clusters may unequivocally serve as internal controls of ICC staining for each other. Furthermore, as shown in Figure 4 , a clear identification of two suborganelle domains as close as 20 nm apart is possible with the gold probe but not with HRP. The stability of the covalently bound Nanogold allows more specific and sensitive ICC labeling because the gold probe is less likely to detach from the secondary antibody during repeated and vigorous washing steps (Vandre and Burry, 1992 ; and our observations).
In summary, the present preembedding EM ICC method provides an efficient and effective tool to localize specific antigens in intact cells at the subcellular level for cell cultures and allows quantitative morphometry. Thus, we have been able to demonstrate the different distribution patterns of SV2 and synaptophysin on LDCVs and synaptic vesicles and the suborganellar separation of SV2 and chromogranin A.
